Abstract: Understanding how wood decomposition varies spatially at the mesoscale (between 1-ha plots) may improve carbon flux estimates in Amazonian forests. An experiment was carried out to test the influence of soil, slope, aboveground tree live biomass (biomass), fine-litter mass and characteristics of neighbouring trees on the variation of wood decomposition between 1-ha plots in four species of tropical trees that vary in wood density (Manilkara huberi -0.86 g cm −3 , Couratari guianensis -0.54 g cm −3 , Hura crepitans -0.32 g cm −3 and Parkia pendula -0.29 g cm −3 ). A wood sample from each species (30 × 5 × 2.5 cm) was placed in each of 71 plots within 64 km 2 of terra firme tropical moist forest in Reserva Florestal Adolpho Ducke. One year later, samples were collected and weighed. The effects of specificity of decomposers was measured by the association of decomposition with the wood density and with the taxonomic group of the nearest tree with dbh ≥30 cm. Wood decomposition was independent of soil (texture and nutrients), slope, biomass and fine-litter mass at the mesoscale, except for C. guianensis, which showed greater decomposition in locations with greater biomass. Decomposition was also independent of wood density and taxonomic group of nearby large trees. In general, none of the variables was useful as a predictor of wood decomposition at the scale larger than 1 ha. Thus, the use of models that include soil and topography to improve estimates of carbon flux are limited because wood decomposition does not follow similar mesoscale patterns to that of biomass and fine-litter decomposition. Also, the results indicate that wood decomposition is more likely to be associated with generalist decomposers than with specialists associated with neighbouring trees.
INTRODUCTION
Estimates of carbon flux depend on determination of carbon released by decomposition as well as its absorption and stocks in biomass (Chambers et al. 2004 , Fearnside 2000 . Although wood material (≥2.5 cm in diameter) may comprise 82% of the total litter stock (Nascimento & Laurance 2002 ) and may generate 22% of the annual carbon emissions from heterotrophic respiration (Chambers et al. 2000 (Chambers et al. , 2001 (Chambers et al. , 2004 , most of the studies that estimated carbon flux in Amazonia have not considered the spatial variation in wood decomposition (Baker et al. 2004; Phillips et al. 1998 Phillips et al. , 2009 . 1 Corresponding author. Email: jjuliotoledo@gmail.com Soil characteristics are associated with topography in Central Amazonia (Chauvel et al. 1987 , Luizão et al. 2004 . While soil maps are imprecise for Amazonia, topographic variables (altitude and slope), can be obtained from images of digital elevation models derived from SRTM radar (Shuttle radio topographic mission). Such images can reach a horizontal resolution of 0.8 ha (Rennó et al. 2008) , which allows extrapolation of results from 1-ha plots to larger areas. If soil and topography were related to wood decomposition at 1-ha resolution, they could be included in models to predict carbon release from wood decomposition over large areas.
In Central Amazonia, characteristics of soil and topography influence the mesoscale spatial distribution of above-ground live biomass of trees (Castilho et al. 2006 , Laurance et al. 1999 and lianas (Nogueira 2006) , as well as species composition of understorey plants, palms and fungi (Braga-Neto et al. 2008 , 2009 . Fine-litter production (leaves, fruits and wood material ≤2.5 cm in diameter) is greatest in forests with clayey soils (Luizão 1989) and its decomposition as well as nutrient cycling are faster on clay than sandy soils (Luizão et al. 2004 (Luizão et al. , 2007 . However, the mesoscale spatial variation in wood decomposition is not well understood, and only density, moisture and trunk dimensions have been related to wood-decay rates in tropical forests (Chambers et al. 2000 (Chambers et al. , 2001 Harmon et al. 1995 , Martius 1997 ; few studies analysed the effects of topography and microclimatic variation on this process (Beard et al. 2005 , Genet et al. 2001 .
Fungal specificity for fine litter of particular tree species influences decomposition (Lodge 1997 , Santana et al. 2005 . Fungi involved in wood decomposition are usually generalists , Lindblad 2000 , Lodge 1997 ), but there is evidence that some may be quite species-specific in tropical forests (Ferrer & Gilbert 2003 , Gilbert & Sousa 2002 , Lodge & Laessøe 1995 . Such specificity may be due to physical and chemical characteristics of the wood, such as shape and size, xylem architecture, density, moisture, contents of carbon, nutrients, cellulose, hemicellulose, lignin and the presence of polyphenolics (Chambers et al. 2000 (Chambers et al. , 2001 Weedon et al. 2009 ). Thus, it is possible that the species of tree near to where decomposition occurs may influence fungus species composition because its fallen branches may determine the quality of the wood litter (Ferrer & Gilbert 2003) .
We carried out an experiment to evaluate the influence of soil, topography (slope), above-ground tree live biomass and fine-litter mass on the variation of wood decomposition between 1-ha plots in a terra firme forest in Central Amazonia. We hypothesized that wood decomposition may be faster on clayey soils and places with greater biomass due to the maintenance of suitable conditions for decomposers (Martius et al. 2004 , Sariyildiz 2008 , Weedon et al. 2009 , Zhang & Zak 1995 . Wood decomposition may also be faster on fertile soils because a large proportion of nutrients is available for decomposers (Crews et al. 1995 , Takyu et al. 2003 , Wang et al. 2008 . However, we expected wood-decay rates to be inversely related to slope and fine-litter mass due to low soil moisture and fertility on slopes (Luizão et al. 2004 , Takyu et al. 2003 and due to slow activity of decomposers expected for places with large quantities of litter (Olson 1963) .
We also investigated the effects of specificity of decomposers by associating wood density and taxonomic group of the nearest large trees with wood decomposition. Since the characteristics of the litter-producing trees probably shape the species composition of fungi, we hypothesized that wood decomposition may be faster when the nearest tree has similar characteristics to the wood in decomposition.
METHODS

Study area
The experiment was carried out in Reserva Florestal Adolpho Ducke, which is managed by the Instituto Nacional de Pesquisas da Amazônia (INPA). The reserve (10 000 ha) is covered by humid tropical forest and it is located at the periphery of the city of Manaus, in the state of Amazonas, Brazil (2 • 55 S, 59
• 59 W). The forest has a closed canopy of 30-37 m, with occasional emergent trees reaching 45 m (Ribeiro et al. 1999) . Annual average temperature is 26
• C (Ribeiro & VillaNova 1979) and the average annual rainfall from 1979 to 2008 was 2524 mm, with a dry season from July to September during which monthly rainfall is often around 100 mm (Coordenação de Pesquisas em Clima e Recursos Hídricos -INPA, unpubl. data). Topography is hilly with elevation varying from 40-140 m (Ribeiro et al. 1999) . Soil type depends on topography, especially with respect to clay which is greatest in the higher parts of the relief (Castilho et al. 2006 , Chauvel et al. 1987 . Oxisols (allic yellow latosols in the Brazilian classification system) predominate in the plateaux, ultisols (yellowish red podzols) are more common on the slopes, and spodosols (sandy podzols) predominate in the valleys, usually near water (Chauvel et al. 1987) . These soils are acidic and poor in phosphorus, calcium, sodium and potassium, while often high in aluminium (Chauvel et al. 1987 , Fearnside & Leal-Filho 2001 .
A grid of 9 × 9 trails, each separated by 1 km and 8 km in length, covers the reserve, encompassing 64 km 2 . Plots (n = 72) were established along the east-west trails at least 1 km from one another. These plots are narrow and long (40 × 250 m) and follow the contours of the land, thereby maintaining a constant elevation, minimizing variation in soil type and depth to the water table along the plot .
Data collection and analysis
Four species of commercially available wood were used: Manilkara huberi (Ducke) Standl., Couratari guianensis Aubl., Hura crepitans L. and Parkia pendula Bth. ex Walp. Species identification was based on comparisons with wood samples in the Wood Anatomy Laboratory at INPA. Pieces of wood, approximately 5 × 3 × 2.5 cm, were used to determine specific gravity (density). Since wood was originally somewhat dry, we allowed the pieces to reabsorb water for 2 wk (Nogueira et al. 2005) . The volume of each sample was determined based on the Archimedes principle by displacement of water. Each sample was immersed in water in a container resting on a digital balance. The dry weight was determined in an oven at 105
• C. Final wood densities were estimated to be 0.86 ± 0.01 g cm −3 (mean ± SD, n = 4) for M. huberi, 0.54 ± 0.02 g cm −3 (4) for C. guianensis, 0.32 ± 0.09 g cm −3 (12) for H. crepitans and 0.29 ± 0.09 g cm −3
(4) for P. pendula. We could not confirm whether the samples were only from heartwood or sapwood, but a comparison of our estimates of wood density with the averages calculated from Chave et al. (2006) indicates that the wood of M. huberi, C. guianensis and P. pendula was mostly from heartwood as the averages (0.93 g cm −3 , 0.51 g cm −3 and 0.37 g cm −3 , respectively) from Chave et al. (2006) were similar to our estimates. However, for P. pendula, most of the wood was possibly from sapwood as the average (0.53 g cm −3 ) from Chave et al. (2006) was almost twice denser than our estimate. For each species, 72 samples (30 × 5 × 2.5 cm) were dried at 105
• C until weight was constant. A sample from each species was placed 10 m from the beginning of each of the 72 plots in March and April 2007. After 1 y (360-370 d) wood samples were collected, dried, and the percentage of the original dry weight lost to decomposition was calculated. Samples in one plot were not found. To test the overall importance of the environmental variables, we used a mean of wood decomposition of all species weighted by the wood density of each species.
Along the centre of each plot, six superficial soil subsamples (0-5 cm deep) were collected at 50-m intervals, and these were mixed to form a composite sample per plot. Soil samples were dried at 105
• C, then sieved (2 mm mesh size). A total of 23 soil parameters were estimated (Castilho et al. 2006 , Mertens 2004 Castilho et al. (2006) .
Slope was estimated with a clinometer at five points along the plot and the average slope was used for each plot (Castilho et al. 2006) . Altitude (height above sea level), another topographical variable measured, was not included in the analyses because of its strong correlation with clay content of the soil. Above-ground live biomass of trees and palms was taken from Castilho et al. (2006) as estimated in 2001 and 2002 following the protocol described in Magnusson et al. (2005) . The data described here are available online through the Biodiversity Research Program (Programa de Pesquisa em Biodiversidade -PPBio) at http://ppbio.inpa.gov.br/Eng/ inventarios/ducke/pterrestre. Fine-litter mass samples of 0.25 m 2 were collected every 50 m along the centre of each plot (n = 5) by Aguiar et al. (2006) . The samples were dried at 45
• C until constant weight. Average dry weight was used to characterize each plot. Two plots were sampled during the dry season (September 2001) and the remainder during the rainy season (December 2001 -May 2002 .
The tree or palm with diameter at breast height ≥30 cm that was nearest to the wood sample was identified and the distance to the sample was estimated. The mapping of the trees and palms was done by C.V. Castilho (unpubl. data) . Wood density of the nearest tree neighbours was taken from Chave et al. (2006) . When information at species level was unavailable, we estimated average wood density for the genus or family.
We reduced the number of soil variables using Principal Components Analysis (PCA). The resultant components were used in subsequent analysis to test for their importance in decomposition. Multiple regression analysis was used to test for the combined effects of the first two components (PCA1 and PCA2), slope, finelitter mass and biomass on decomposition. We tested the relationship between wood density of the nearest tree and decomposition with simple linear regression analysis. Also, the local influence of nearby trees (family) on decomposition was tested by analysis of variance (ANOVA). In this analysis, we used only those tree families that occurred in at least three plots. A sample from M. huberi which was an outlier was not included in the analysis. All analyses were performed in the R 2.6.1 statistical program (Crawley 2007) .
RESULTS
The densest species, M. huberi, had the lowest per cent decomposition (mean ± SD, range, 5.6% ± 1.0%, 3.5%-8.2%). The decomposition of the medium-to low-density species C. guianensis was 24.7% ± 11.9% (5.6%-64.1%), and the two low-density species, H. crepitans and P. pendula had the highest decomposition (28.3% ± 20.7% (6.6%-87.9%) and 39.5% ± 23.7% (9.3%-100%), respectively). The weighted mean decomposition was 19.2% ± 6.6% (8.6%-37.3%).
The exclusion of one plot from the ordination did not generate different loadings from those presented in Castilho et al. (2006) , who analysed soil results from all plots. Two principal components were generated. The first axis (PCA1) explained 34% of the variation of the original variables and described a textural gradient and pH, and negatively with Fe 2+ concentration. Aboveground tree live biomass and soil texture (PCA1) were not independent (r = 0.43, P < 0.001) and so these variables were not included in the same analysis.
Decomposition of M. huberi (F 4,65 = 0.97, P = 0.43), C. guianensis (F 4,66 = 1.98, P = 0.11), H. crepitans (F 4,66 = 0.39, P = 0.81), P. pendula (F 4,66 = 0.08, P = 0.99) and the weighted mean (F 4,65 = 0.19, P = 0.94) were independent of the soil gradients of texture and fertility (as measured by PCA1 and PCA2), slope and fine-litter mass. Substituting PCA1 for above-ground tree live biomass resulted in a significant regression model (F 4,66 = 3.63, P = 0.01) that explained 18% of the variance in decomposition for C. guianensis. Decomposition increased in C. guianensis (t = 2.44, P = 0.02) with increasing above-ground tree live biomass ( Figure1a). Alone, aboveground tree live biomass explained 11% of the variance in C. guianensis decomposition (decomposed wood = −6.88 + 0.097 × above-ground tree live biomass, F 1,69 = 8.39, P = 0.005). Decomposition was independent of PCA2, slope and fine-litter mass for C. guianensis (Figure 1b-d) . The model, with above-ground tree live biomass replacing PCA1, was not significant for M. huberi (F 4,65 = 0.76, P = 0.56), H. crepitans (F 4,66 = 0.25, P = 0.91), P. pendula (F 4,66 = 0.14, P = 0.97) or the weighted mean (F 4,65 = 0.62, P = 0.65).
The average distance from a sample to the nearest tree or palm was 6.2 ± 5.4 m (1.2-37.5 m) and mean diameter at breast height was 42.2 ± 11.9 cm (30.0-87.6 cm). These neighbours comprised 24 families, in which 61 were identified to species, six to genus and four to family. Wood density was estimated for 41 individual plants that were identified to species, 25 plants identified to genus, and five individuals identified to family. Mean nearest-neighbour tree wood density was 0.71 ± 0.14 g cm −3 (0.33-0.96 g cm −3 ). Families found in three or more plots were Chrysobalanaceae (n = 4), Fabaceae (10), Goupiaceae (3), Lauraceae (3), Lecythidaceae (11), Malvaceae (4), Myristicaceae (3) and Sapotaceae (14).
Wood decomposition was independent of wood density of the nearest tree neighbour for all species: M. huberi (F 1,68 = 0.29, P = 0.59), C. guianensis (F 1,69 = 0.11, P = 0.74), H. crepitans (F 1,69 = 0.02, P = 0.9) and P. pendula (F 1,69 = 0.004, P = 0.95). However, decomposition was associated with the taxonomic group of the nearest neighbour for M. huberi (F 7,43 = 2.25, P = 0.05). The smallest (4.2%) and largest (6.7%) average decomposition were near trees of the families Goupiaceae and Malvaceae, respectively. However, the sample size for these families was low (Goupiaceae = 3, Malvaceae = 4) in comparison with the family of M. huberi, Sapotaceae (n = 14). Mean per cent decomposition under Sapotaceae (5.5%) was the same as that for all families (5.6%) and, excluding Malvaceae and Goupiaceae, the mean under all the other families were similar (ANOVA, F 5,38 = 1.05, P = 0.4). Decomposition of C. guianensis (F 7,44 = 1.07, P = 0.4), H. crepitans (F 7,44 = 0.73, P = 0.65) and P. pendula (F 7,44 = 0.49, P = 0.84) was independent of the taxonomic group of the nearest tree neighbour.
DISCUSSION
The instability of humidity probably contributed to the lack of a soil-texture influence on decomposition at the scale larger than 1 ha. As water-content influences wood decomposition (Chambers et al. 2001 , Martius 1997 , Weedon et al. 2009 ), this process may vary greatly through time in locations with large variation in humidity. In Reserva Ducke, the clayey soils on plateaux may suffer water deficits during the dry season and this possibly results in decreasing decomposer activity; fewer fungi species reproduce in clayey soils under little rainfall (Braga-Neto et al. 2008) . Forests in valleys show higher tree mortality than on plateaux (J. J. Toledo, unpubl. data); hence valleys probably have more gaps, which can generate diverse microclimatic conditions regardless of the humidity provided by creeks and streams. Thus, decomposition possibly is limited by dry intervals on the plateaux and by canopy openness in the valleys. Beard et al. (2005) obtained slower wood-decay rates in streams than terrestrial areas, but the causes of such difference were not investigated.
Litter decomposition is usually more rapid on more fertile soils (Crews et al. 1995 , Takyu et al. 2003 , Wang et al. 2008 . The lack of relationship between the nutrient gradient and wood decomposition may have been due to the small variation in soil fertility as well as temporal variability in nutrients in tropical soils (Sollins 1998) . Another factor that might weaken this relationship is the activity of cord-or rhizomorph-forming fungi (Boddy et al. 2009 ). Such fungi can form extensive hyphal systems capable of interconnecting resources (wood or fine litter) on the forest floor and translocate nutrients from soil to wood and between wood resources (Boddy et al. 2009 , Wells & Boddy 1990 , Wells et al. 1999 . Nutrients stored in earlier colonized wood may supply the mycelial growth and metabolic processes for decomposition of the recently attacked woods. As these fungi are not dependent on soil nutrient pools to grow and start decomposition, this process may be constant across the gradient of soil fertility.
The absence of a mesoscale relationship between wood decomposition and slope is possibly due to the low microclimatic variation through the slope gradient driven by low differences of soil (Luizão et al. 2004 ) and canopy openness regardless of the high gap frequency on slopes (Gale 2000 , Poorter et al. 1994 .
The litter mass is regulated by litter productivity and decomposition (Olson 1963) . As accumulation of litter may be a result of slow initial rates of decomposition, we expected an inverse relationship between wood decomposition and fine-litter mass. The lack of such a relationship suggests that fine-litter decomposition and characteristics of soil and topography are weakly associated. The studies that attempted to relate fine-litter decomposition or productivity with soil and topography used few plots, which may restrict their conclusions (Luizão 1989 , Luizão et al. 2004 , 2007 . Another limitation is related to changes in the spatial distribution of the litter over time since fine-litter data used in this study were collected a few years earlier.
The positive mesoscale relationship between aboveground tree live biomass and decomposition rate for C. guianensis wood may be due to a favourable microclimate created for decomposers in forest patches with higher biomass. Such patches usually have a closed canopy that limits the penetration of solar radiation and could maintain high humidity and constant temperature in the litter layer (Martius et al. 2004 , Sariyildiz 2008 , Weedon et al. 2009 , Zhang & Zak 1995 . Nonetheless, there was only a weak relationship between biomass and wood decomposition for one tree species, which is not sufficient to predict general patterns of decomposition.
Decomposition was independent of both wood density and taxonomic group of the nearest tree neighbour. Fungi that are involved in wood decomposition possibly are influenced by more than one species of neighbouring tree. Also, fungi that decompose wood are usually generalists , Lindblad 2000 , Lodge 1997 ), which could make decomposition independent of the species of fungus. Other experiments with wood of the same species as the tree neighbour may help to determine whether substrate specificity influences wood decomposition in tropical forests.
The wood decomposition in H. crepitans and P. pendula was very variable, perhaps due to heterogeneity in the wood blocks that could have been partly heartwood and partly sapwood. However, the relationships between wood decomposition and the predictive variables were similar for all the species. Another source of variation in wood decomposition may be the fine-scale variation of the predictor variables. Soil texture and fertility may vary as a consequence of invertebrate activity, such as nestbuilding by termites which agglomerates organic matter and nutrients. Tree mortality also results in microclimatic variability through changes in canopy openness (light), humidity, temperature, soil pH and microbial activity (Martius et al. 2004 , Sariyildiz 2008 , Zhang & Zak 1995 . Such micro-environmental variation can occur within a scale smaller than 1 ha; hence the effects of this variation cannot be tested on wood decomposition using our data and, even if it occurs, information on these processes will not allow extrapolation of results from 1-ha plots.
Soil and topography explain nearly one third of the variation in above-ground tree live biomass in Central Amazonia (Castilho et al. 2006 , Laurance et al. 1999 . As soil and topography are closely related (Chauvel et al. 1987 , Luizão et al. 2004 , topography alone may be used to predict spatial distribution of biomass over large areas using images from SRTM radar. However, the factors that affect wood decomposition appear to be more complex than we expected, and our results indicate that information on soils and topography at the scale of 1 ha will add little to models of wood decomposition in sites similar to those in Reserva Ducke. The lack of a mesoscale relationship between wood decomposition and the variables that influence above-ground tree live biomass and fine-litter decomposition indicates an asymmetry between productivity and decomposition. If wood-litter production follows a similar pattern to that of fine-litter, then places with similar soils, topography and biomass should accumulate wood litter at different rates since wood decomposition is unrelated to soil and topography. As litter does not accumulate indefinitely (Luizão 1989 ) decomposition losses must tend to equal rates of production in the long term. However, initial rates of decomposition affect the amount of carbon stored in dead biomass. Also, if conditions change rapidly, as expected under most models of climate change (Cox et al. 2008 , Marengo et al. 2009 ), production may be out of balance with decomposition for some time.
